Extinction of conditioned fear is an active learning process involving inhibition of fear expression. It has been proposed that fear extinction potentiates neurons in the infralimbic (IL) prefrontal cortex, but the cellular mechanisms underlying this potentiation remain unknown. It is also not known whether this potentiation occurs locally in IL neurons as opposed to IL afferents. To determine whether extinction enhances the intrinsic excitability of IL pyramidal neurons in layers II/III and V, we performed whole-cell patch-clamp recordings in slices from naive, conditioned, or conditioned-extinguished rats. We observed that conditioning depressed IL excitability compared with slices from naive animals, as evidenced by a decreased number of spikes evoked by injected current and an increase in the slow afterhyperpolarizing potential (sAHP). Extinction reversed these conditioning-induced effects. Furthermore, IL neurons from extinguished rats showed increased burst spiking compared with naive rats, which was correlated with extinction recall. These changes were specific to IL prefrontal cortex and were not observed in prelimbic prefrontal cortex. Together, these findings suggest that IL intrinsic excitability is reduced to allow for expression of conditioning memory and enhanced for expression of extinction memory through the modulation of Ca 2ϩ -gated K ϩ channels underlying the sAHP. Inappropriate modulation of these intrinsic mechanisms may underlie anxiety disorders, characterized by exaggerated fear and deficient extinction.
Introduction
Inappropriate regulation of fear expression is a hallmark of anxiety disorders. One model to study fear regulation is extinction of auditory fear conditioning. Whereas acquisition of fear conditioning increases fear responses to the conditioned stimulus (CS), extinction decreases the fear responses. Extinction is thought to form a new inhibitory memory that suppresses the expression of conditioned fear. Several lines of evidence indicate that the infralimbic (IL) subregion of the medial prefrontal cortex (mPFC) is important for the inhibition of conditioned fear after extinction . Electrical stimulation of IL prefrontal cortex during extinction training inhibits expression of conditioned fear Vidal-Gonzalez et al., 2006) . Moreover, extinction potentiates IL activity relative to conditioning, and this potentiation is correlated with expression of extinction memory (Herry and Garcia, 2002; Milad and Quirk, 2002; Barrett et al., 2003) . In humans, similar observations have been made for a homolog of the rat IL, the ventral mPFC (Phelps et al., 2004; Kalisch et al., 2006; Milad et al., 2007) , suggesting that rodent findings in extinction are applicable to humans.
Despite the abundant evidence linking IL activity with the inhibition of conditioned fear , the cellular mechanisms that mediate the extinction-induced enhancement of IL activity have not been studied. It is not known, for example, whether extinction training alters IL neurons themselves or instead triggers neural plasticity in areas upstream from IL. Therefore, we tested the hypothesis that the extinction-induced cellular changes occur locally in IL neurons by examining the effects of training on intrinsic excitability. Growing evidence indicates that learning can alter the intrinsic excitability of neurons by affecting voltage-gated and calcium-gated channels present in spines, dendrites, and cell bodies (Giese et al., 2001; Daoudal and Debanne, 2003; Zhang and Linden, 2003; Disterhoft and Oh, 2006; Schulz, 2006) . By enhancing or reducing dendritic filtering, learninginduced changes in excitability can increase or decrease the probability that a cell will fire in response to its inputs (Magee et al., 1998; Reyes, 2001; Disterhoft and Oh, 2006) .
To determine whether fear conditioning or extinction modifies the intrinsic excitability of IL neurons, we combined behavioral analysis and patch-clamp recording. We compared four groups: rats that received fear conditioning only, rats that received conditioning and extinction, rats that received neither conditioning nor extinction and rats that received unpaired tones and shocks. Comparing these four groups allowed us to assess the effects of extinction independently from the effects of conditioning on cellular excitability.
Materials and Methods
Subjects. The procedures were approved by the Institutional Animal Care and Use Committee of the Ponce School of Medicine in compliance with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Male Sprague Dawley rats [postnatal day 25 (P25) to P30] were transported from the Ponce School of Medicine colony to a satellite facility nearby, where they were group housed in transparent polyethylene cages inside a negative-pressure Biobubble (Colorado Clean Room, Ft. Collins, CO). Rats were maintained on a 12 h light/dark schedule with free access to food (standard laboratory rat chow) and water.
Behavioral apparatus. Rats were fear conditioned, extinguished, and tested in a chamber of 25 ϫ 29 ϫ 28 cm with aluminum and Plexiglas walls (Coulbourn, Allentown, PA). The floor consisted of stainless-steel bars that could be electrified to deliver a mild shock. A speaker was mounted on the outside wall, and illumination was provided by a single overhead light. The chamber was situated inside a sound-attenuating box (Med Associates, Burlington, VT) with a ventilating fan, which produced an ambient noise level of 60 dB. The CS was a 4 kHz tone with duration of 30 s and an intensity of 80 dB. The unconditioned stimulus (US) was a 0.4 mA scrambled footshock, 0.5 s in duration, which coterminated with the tone during the conditioning phase. Between sessions, floor trays and shock bars were cleaned with soapy water, and the chamber walls were wiped with a damp cloth. Behavior was recorded with digital video cameras (Micro Video Products, Ontario, Canada).
Behavioral procedure. On day 1, rats received three tone-shock pairings (conditioning phase). After matching for equivalent levels of freezing, conditioned rats were divided into the conditioned group (COND) and the extinguished group (EXT). On day 2, rats in the COND group remained in their home cages while rats in the EXT group were returned to the conditioning chamber and given 10 tone-alone trials (extinction phase). On day 3, both groups of rats received two tone-alone trials in the same chamber to test for recall of conditioning or extinction (test phase). A control group of rats, which was not conditioned (NAIVE), was tested with two tone-alone trials on day 3. An additional pseudoconditioned group (PSEUDO-COND) received three tones (interstimulus interval, 2 min) followed by three consecutive shocks (interstimulus interval, 0.5 s) at the end of the third tone interval. Rats were immediately removed from the chamber, and 48 h later, two test tones were given in a novel chamber to avoid expression of fear to the context that could alter the membrane properties. In all phases of the experiment, the interval between successive tones was variable, with an average of 2 min. All groups were tested on the same day to determine the long-term changes occurring in the mPFC that gate subsequent memory retrieval.
Slice preparation. Immediately after the test tones on day 3, rats were deeply anesthetized with pentobarbital (150 mg/kg) and were perfused through the heart with ice-cold high-sucrose solution (in mM): 252 sucrose, 2 KCl, 1.25 NaH 2 PO 4, 3 MgSO 4 , 26 NaHCO 3 , 20 glucose, and 1 CaCl 2 . Brains were quickly removed and placed in ice-cold artificial CSF (ACSF) containing the following (in mM): 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4, 1 MgSO 4 , 26 NaHCO 3 , 20 glucose, and 2 CaCl 2 and bubbled with 95% O 2 and 5% CO 2 . Coronal slices of the medial prefrontal cortex were cut at a thickness of 300 m with a Vibratome 1000 Plus (Vibratome, St. Louis, MO). Slices were incubated at room temperature (21-23°C) in ACSF for at least 1 h before experiments. The NMDA receptor blocker MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d]cyclohepten-5,10-imine maleate] (10 M) was added during the incubation of slices to increase neuronal survival (Schurr et al., 1995) .
Recordings were performed blind with respect to group assignment. Slices were transferred to a submersion recording chamber mounted and perfused at 2-3 ml/min with room temperature ACSF. Neurons were visualized with infrared video microscopy using a 40ϫ water immersion objective on an upright E600FN microscope (Nikon Instruments, Melville, NY). Whole-cell recordings were done with glass pipettes with a resistance of 3-5 M⍀ when filled with an internal solution containing the following (in mM): 150 KMeSO 4 , 10 KCl, 0.1 EGTA, 10 HEPES, 0.3 GTP, and 0.2 ATP, pH 7.3 (291 mOsm).
Current-clamp recordings. Whole-cell current-clamp recordings were obtained from the soma of mPFC pyramidal neurons located in layers II/III and V of the IL and prelimbic (PL) subregions. Cells were held in current-clamp mode at Ϫ70 mV, and action potential discharges in response to the injection of depolarizing current pulses were recorded with a patch-clamp amplifier (MultiClamp 700A; Molecular Devices, Sunnyvale, CA). Recordings were filtered at 4 kHz, digitized at 10 kHz, and saved to computer using pClamp9 (Molecular Devices). Membrane potentials (V m ) were not corrected for the junction potential of 9 mV. The series resistance was equal across groups (NAIVE, 26 Ϯ 1.2; COND, 24 Ϯ 2.0; EXT, 25 Ϯ 1.4). The input resistance (R in ) was measured from a 5 mV, 50 ms depolarizing pulse in voltage-clamp mode at a holding potential of Ϫ60 mV.
To examine the effects of training on membrane excitability, mPFC pyramidal neurons were injected with an 800 ms depolarizing current pulses ranging from 40 to 470 pA at 10 pA increments with an intertrial interval of 5 s. The number of action potentials evoked by each current intensity was counted from individual responses. We measured the amplitude of the fast afterhyperpolarizing potentials (fAHPs) in the second and third current evoked spikes within the 800 ms pulse. The fAHP was measured by subtracting the voltage at the peak of the fAHP from the threshold potential for spike initiation. The medium afterhyperpolarizing potentials (mAHPs) and slow afterhyperpolarizing potentials (sAHPs) were measured after the end of the 800 ms pulse. The mAHP Figure 1 . Experimental design. A, Four experimental groups were studied. In the conditioned group (COND; n ϭ 14), rats received three tone-shock pairs on day 1 and were left in their home cages on day 2. The extinction group (EXT; n ϭ 15) received three tone-shock pairings on day 1 and 10 tones alone on day 2 in the same chamber. A naive control group (NAIVE; n ϭ 12) received neither conditioning nor extinction. On day 1, the pseudoconditioned group (PSEUDO-COND; n ϭ 6) received three tones and three shocks in an unpaired manner. All groups received two test tones on day 3 and then were killed immediately. B, Mean percentage of freezing for all groups across the behavioral procedure. As expected, rats in the COND group showed higher levels of freezing to the test tones, compared with the NAIVE, PSEUDO-COND, and EXT groups (**p Ͻ 0.01).
was measured as the peak of the AHP, and the sAHP was measured as the average potential during a 50 ms period beginning 280 ms after the end of the 800 ms depolarizing pulse (Sah and Faber, 2002) . To block the sAHP, 100 M norepinephrine was bath applied for 7 min with 100 M ascorbic acid to prevent oxidation of norepinephrine. For these experiments, the internal solution contained the following (in mM): 115 K-gluconate, 20 KCl, 10 HEPES, 0.3 GTP, 0.2 ATP, and 10 phosphocreatine, pH 7.3 (291 mOsm).
To measure the voltage sag that has been correlated with the activation of the hyperpolarization-activated cation currents (I h ), we injected a hyperpolarizing current pulse of Ϫ20 pA in current-clamp mode. The voltage sag was calculated by subtracting the average steady-state voltage during a 100 ms period beginning at 645 ms after the beginning of the hyperpolarizing step minus the peak of the hyperpolarization.
Morphological analysis. In all experiments, 5 mM biocytin was included in the recording solution to label the neurons for post hoc morphological identification of IL or PL pyramidal neurons (see Fig. 2 A) . At the end of the electrophysiological recordings, the slices were fixed overnight in 4% paraformaldehyde. Neurons were subsequently visualized with a standard advidin-biotin peroxidase procedure (Vectastain ABC kit; Vector Laboratories, Burlingame, CA) as described previously (Porter et al., 2001 ) and visualized with bright-field microscopy. Neurons that were not located in the IL or PL cortices or that were not pyramidalshaped with obvious apical dendrites were excluded from the analysis.
Statistical analysis. The percentage of time spent freezing (Blanchard and Blanchard, 1972) was used as a measure of conditioned fear. Freezing is the cessation of all movements except respiration. The total time spent freezing during the 30 s tone was scored from videotape with a digital stopwatch by observers blinded with respect to experimental group. The electrophysiological data were analyzed using Clampfit (Molecular Devices). Student's t test or one-way ANOVA (STATISTICA; Statsoft, Tulsa, OK) were used to analyze the behavioral and electrophysiological data. After a significant main effect, post hoc tests were performed with Tukey's honestly significant difference tests. Values are reported as the mean Ϯ SEM.
Results
To assess the effects of both conditioning and extinction on cell excitability, three groups of rats were examined ( Fig. 1 A) : a conditioned group, COND (n ϭ 14), that received auditory fear conditioning but no extinction; an extinguished group, EXT (n ϭ 15), that received both conditioning and extinction; and an untrained group, NAIVE (n ϭ 12), that received neither conditioning nor extinction. Figure 1 B shows the average toneinduced freezing for all three groups. On day 1, rats in the COND and EXT groups acquired similar levels of conditioned freezing (COND, 71%; EXT, 72%). On day 2, rats in the EXT group showed gradual within-session extinction across 10 trials to a final freezing level of 24%. On day 3, rats in the COND group showed high levels of freezing to the test tones, whereas rats in the EXT group showed low levels of freezing, indicating good recall of extinction. NAIVE rats showed no freezing to the test tones. Average freezing levels to test tones on day 3 were 70, 22, and 1% and EXT (n ϭ 43) groups in response to a 220 pA current pulse. C, Depolarizing steps at different current intensities evoked significantly fewer spikes in the COND group than the NAIVE and EXT groups. D, Bar graph showing that the maximum number of evoked spikes at any current step. The COND group was significantly reduced compared with the NAIVE and EXT groups (**p Ͻ 0.01). Scale bar, 100 m. The average data in the group is significantly different from NAIVE controls ( p Ͻ 0.05).
for COND, EXT, and NAIVE groups, respectively. One-way ANOVA showed a significant main effect of group (F (2,38) ϭ 55.94; p Ͻ 0.001), and post hoc comparisons indicated that the COND group showed more freezing compared with the EXT and NAIVE groups ( p Ͻ 0.001). In addition, rats in the EXT group froze significantly more than NAIVE controls ( p ϭ 0.008), indicating that although extinction training reduced fear expression, rats in the EXT group still showed some conditioned fear.
Conditioning depresses IL excitability
Immediately after the test tones on day 3, coronal slices of the mPFC were prepared, and the intrinsic excitability of pyramidal neurons was assessed with whole-cell patch-clamp recordings. All recorded neurons were filled with biocytin and identified as pyramidal neurons based on their morphology. A total of 238 neurons were recorded, 109 of which were located in IL, and 129 were located in PL. Neurons were located in layers II/III (IL, 22; PL, 15) and layer V (IL, 87; PL, 114). We intentionally targeted cells in layer V because of their projections to subcortical structures, including the amygdala (Gabbott et al., 2005) . IL cells located in layers II/III and V showed similar physiological properties (layers II/III: V m , Ϫ55 Ϯ 1; R in , 355 Ϯ 35; layer V: V m , Ϫ54 Ϯ 0.6; R in , 321 Ϯ 15) and similar responses to conditioning and extinction. For these reasons, the data from superficial and deep layers were combined. IL cells were distributed across the three experimental groups (NAIVE, 31; COND, 35; EXT, 43) . Figure  2 A shows a photomicrograph of two representative IL pyramidal neurons. Neither the V m nor the R in of recorded IL neurons significantly differed across groups (for the electrophysiological properties of IL neurons, see Table 1 ).
To determine the relative excitability of the neurons in each group, we measured the number of action potentials elicited by a series of depolarizing current pulses (Fig.  2 B, C) . In all cells, the response to injected current was measured from a holding potential of Ϫ70 mV. Consistent with the lack of difference in R in among the groups, no difference was observed in the amount of depolarizing current necessary to evoke an action potential (rheobase) or in the spike threshold (Table 1) . However, the number of spikes that could be elicited in conditioned rats was significantly reduced compared with the NAIVE group. Extinction reversed this effect, because the number of spikes in the EXT group was similar to the NAIVE group. Repeated measures ANOVA across all three groups revealed a main effect of group (F (2,108) ϭ 5.70; p ϭ 0.004) and a significant current by group interaction (F (60,3240) ϭ 2.19; p Ͻ 0.001). Post hoc comparisons indicated that cells in the COND group generated significantly fewer spikes than both NAIVE and EXT groups at all intensities between 190 and 470 pA ( p Յ 0.03). The maximum number of spikes elicited by any size current pulse for each cell (Fig. 2 D) was significantly reduced in the COND group by ϳ40% compared with the NAIVE group (NAIVE, 6.03 spikes; COND, 3.77 spikes; EXT, 6.15 spikes). One-way ANOVA showed a main effect of group (F (2,108) ϭ 6.55; p ϭ 0.002), and post hoc comparisons indicated that the COND group was significantly lower than both the NAIVE ( p ϭ 0.01) and EXT ( p ϭ 0.004) groups. The NAIVE and EXT groups were not different from each other ( p ϭ 0.99). Despite the difference in spike count, there was no difference in the average intensity needed to evoke the maximum number of spikes between the groups (NAIVE, 254 Ϯ 14; COND, 229 Ϯ 13; EXT, 245 Ϯ 15; p ϭ 0.46).
Extinction increases bursting in IL
Neurons in the COND group fired fewer spikes, whereas neurons in the NAIVE and EXT groups showed a similar number of evoked spikes, suggesting that extinction reversed conditioninginduced changes. However, as apparent in the examples of Figure  2 B, extinction training also tended to reduce the first interspike interval (ISI) resulting in the generation of high-frequency spike doublets or bursts. Figure 3A shows additional examples demonstrating that the ISIs were shorter in the EXT group compared with the NAIVE group or the COND group. A comparison of the first ISI at the current eliciting the maximum number of spikes showed a significant reduction in the EXT group compared with NAIVE controls (NAIVE, 83 ms; EXT, 46 ms; t ϭ 2.45; df, 67; p ϭ 0.016) (Fig. 3B) . No significant group differences were observed for the second or third ISIs ( p Ͼ 0.05 for both). Because the number of spikes could influence the ISIs, we compared the results of the NAIVE and EXT groups, which fired the same number of spikes. Consistent with our initial analysis, the first ISI in traces showing three spikes was still significantly shorter in the EXT group compared with the NAIVE group (NAIVE, 156 ms; EXT, 116 ms; t ϭ 2.21; df, 56; p Ͻ 0.05). In addition, 50% of the cells in the EXT group exhibited a first ISI Ͻ30 ms (Fig. 3C ), corresponding to previously defined rates of mPFC burst firing in vivo (Ͼ33 Hz) (Laviolette et al., 2005; Burgos-Robles et al., 2007) . In contrast, only 24% of NAIVE cells and 18% of COND cells showed first ISIs Ͻ30 ms ( 2 , 11.4; df, 2; p Ͻ 0.01). Therefore, although extinction training restored the conditioning-induced depression in IL excitability, it also induced bursting not seen in the untrained group.
To investigate whether bursting in IL may be a determinant of extinction memory, we calculated the correlation between the first ISIs and freezing levels at test, in rats given extinction. As shown in Figure  3D , ISI duration was correlated significantly with freezing at test (r ϭ 0.72; p Ͻ 0.001), suggesting that IL bursting facilitates fear inhibition.
Conditioning and extinction modify the afterhyperpolarizing potentials in IL neurons
Intrinsic excitability is regulated by different classes of potassium channels (Magee and Carruth, 1999; Yuan and Chen, 2006; Yue and Yaari, 2006; Bean, 2007) . For example, activation of Ca 2ϩ -dependent potassium channels hyperpolarizes the membrane, making it less likely that the cells will reach threshold and fire subsequent action potentials (Sah, 1996; Lancaster et al., 2001 ). The AHP generated by the activation of these Ca 2ϩ -dependent potassium channels consist of three distinct components: fast, medium, and slow (Sah and Faber, 2002) . The fAHP that follows single action potentials lasts tens of milliseconds. In contrast, the mAHP and sAHP have much slower kinetics and are activated after prolonged depolarization. The fAHP after the first evoked spike was contaminated with the passive change in membrane potential from the current injection (Duvarci and Pare, 2007) and could not be analyzed. We therefore measured the fAHPs evoked by the second and third spikes (Fig. 4 A1) . ANOVA revealed a main effect of group in the second fAHP (F (2,108) ϭ 8.18; p Ͻ 0.001) (Fig. 4 A2) but not third fAHP (F (2,108) ϭ 1.86; p ϭ 0.16). Post hoc comparisons for the fAHP of the second spike indicated that the NAIVE and COND groups were not different from each other ( p ϭ 0.99). However, cells from the EXT group showed significantly reduced fAHP amplitudes compared with both NAIVE and COND groups (both p values Ͻ0.01) (Fig. 4 A2) .
The mAHP and sAHP have been shown to be correlated inversely with average firing rate (Lorenzon and Foehring, 1995) . Because the amplitude of the sAHP depends on the number of spikes (Abel et al., 2004) , we measured the mAHP and sAHP in IL neurons from traces in which cells fired the same number of spikes to determine whether they were affected by conditioning or extinction. Because the majority of cells from the COND group fired a maximum of two spikes, we limited our analysis to traces showing two spikes. The AHP was measured at two time points: at the negative peak (mAHP) and 280 ms after the end of the current pulse (sAHP) (Fig. 4 B1) . The mAHP showed no difference between groups (Table 1) , but the sAHP was significantly enhanced in the COND group compared with the NAIVE controls (main effect, F (2,97) ϭ 9.99; p Ͻ 0.001; COND vs NAIVE, p ϭ 0.001) (Fig. 4 B2) . The enhancement of the sAHP in the COND group is consistent with conditioning-induced depression of IL excitability. In line with the extinction-mediated reversal of spike count, extinction training reversed the conditioning-induced increase in the sAHP. The sAHP in the EXT group was significantly lower than in the COND group ( p Ͻ 0.001) and not significantly Figure 4 . Training-induced alterations in IL afterhyperpolarizing potentials. A1, Example trace showing the fAHP measured after the second and third spikes of an 800 ms current step. A2, Group data showing that extinction reduced the fAHP after the second evoked spike. B1, Example traces showing the voltage change in response to 800 ms depolarizing pulse used to elicit an mAHP and an sAHP (spikes are truncated). The mAHP was measured at the peak hyperpolarization, and the gray box indicates where the sAHP was measured. B2, Group data for the sAHP showing that conditioning enhanced the sAHP relative to the other two groups. C1, Averaged traces for the three groups showing the voltage response to a hyperpolarizing current step of Ϫ20 pA. C2, No difference in the resulting voltage sag was observed between the groups, suggesting that training had no effect on the activation of H-channels (**p Ͻ 0.01; *p Ͻ 0.05).
different from the NAIVE group ( p ϭ 0.99) (Fig. 4 B2) . These results show that training-induced changes in IL excitability are correlated with the changes in the sAHP Conditioning-induced enhancement of the sAHP could explain the decrease in IL excitability observed after fear conditioning. To further test this possibility, in a separate experiment, we pharmacologically reduced the sAHP by bath applying 100 M norepinephrine to IL cells from the three experimental groups (NAIVE, n ϭ 9; COND, n ϭ 9; EXT, n ϭ 6). Consistent with our previous report (Mueller et al., 2008) , norepinephrine significantly reduced the sAHP in all groups (paired t test; t ϭ 3.55; p Ͻ 0.05 for all groups). This manipulation also abolished betweengroup differences in spike count (NAIVE, 6.5 spikes; COND, 6.5 spikes; EXT, 5.4 spikes; F (2,21) ϭ 0.14; p ϭ 0.86), consistent with the idea that conditioning-induced decreases in excitability are mediated by alterations in the sAHP.
In contrast to the sAHP and fAHP, no differences were found in the voltage sags in response to hyperpolarizing current pulses, suggesting that conditioning and extinction did not affect activation of the H-current (Fig. 4C1,C2 ; Table 1 ).
Conditioning-induced effects on IL excitability are caused by associative learning
Conditioned rats showed reduced excitability compared with NAIVE controls. However, because NAIVE rats received no shocks whatsoever, reduced excitability in COND rats might be caused by shock presentations rather than a tone-shock association. To examine this possibility, pseudoconditioned rats (PSEUDO-COND; n ϭ 6 rats) were given three tones and three shocks in an unpaired manner. Two days later, they received two test tones and were prepared for slice recording. Rats in the PSEUDO-COND group showed no freezing to the test tones. In response to increasing current pulses, cells from the PSEUDO-COND (n ϭ 24 cells) group responded similarly to the NAIVE group, firing more spikes than the COND group (Fig. 5A) . Consistent with this, the maximum number of spikes in the PSEUDO-COND group (5.9 spikes) was no different from the NAIVE group (5.0 spikes) ( p ϭ 0.98) and was significantly higher than the COND group (3.2 spikes) (F (2,88) ϭ 6.04; p Յ 0.02) (Fig.  5B) . Paralleling spike findings, the sAHP in the PSEUDO-COND group (Ϫ1.7 mV) was similar to the NAIVE group (Ϫ1.9 mV) and significantly smaller than the COND group (Ϫ3.5 mV) in traces showing two spikes (main effect, F (2,80) ϭ 9.96; p Ͻ 0.001) (Fig. 5C ). In addition, the first ISI in the PSEUDO-COND group (78.6 Ϯ 12) was not different from the NAIVE (82.5 Ϯ 16) and COND (118.4 Ϯ 23) groups (main effect, F (2,82) ϭ 1.46; p ϭ 0.23). These findings indicate that the conditioning-induced effects on membrane excitability are caused by associative learning and not by shock presentations per se.
Conditioning and extinction have no effect on PL membrane excitability Finally, we examined whether conditioning or extinction alter the intrinsic excitability of PL cortex (for the electrophysiological properties of PL neurons, see Table 2 ) (NAIVE, n ϭ 27; COND, n ϭ 48; EXT, n ϭ 54). In contrast to IL neurons, PL neurons did not show a significant group difference in the number of spikes evoked by increasing current steps (F (2,126) ϭ 0.59; p ϭ 0.55) (Fig.  6 A) . The maximum number of spikes evoked in the three groups also did not significantly differ (NAIVE, 6.1; COND, 5.5; EXT, 6.4; F (2,126) ϭ 1.32; p ϭ 0.27) (Fig. 6 B) . Furthermore, neither the first interspike interval ( p ϭ 0.32) nor the sAHP ( p ϭ 0.53) in traces showing two spikes differed across groups (Fig. 6C,D) . These findings indicate that learning did not alter the excitability of PL neurons. Therefore, the training-induced changes in intrinsic excitability were regionally specific.
Discussion
We combined classical fear conditioning with patch-clamp electrophysiology to explore the cellular mechanisms of prefrontal control over the expression of conditioned fear. We showed for the first time that: (1) fear conditioning depressed IL intrinsic excitability and increased the sAHP; (2) extinction returned IL excitability and sAHP to preconditioning levels; and (3) extinction also decreased the fAHP and introduced a bursting component not seen in the untrained group. These findings indicate that conditioning and extinction alter the intrinsic excitability of IL projection neurons in opposite directions to modulate differentially the expression of conditioned fear responses. Previous studies have suggested that IL activity is necessary for the recall of extinction memory but not for conditioning. Electrolytic lesions or pharmacological inactivation of IL had no effect on conditioning or extinction training but impaired subsequent recall of extinction memory (Morgan et al., 1993; Quirk et al., 2000; Lebron et al., 2004; Sierra-Mercado et al., 2006) . Furthermore, IL neurons showed enhanced responses to tone presentations only during recall of extinction (Milad and Quirk, 2002) . In contrast, we observed that fear conditioning depressed IL intrinsic excitability, suggesting that IL activity inhibits the expression of conditioned fear, even before extinction training. Consistent with our data, previous experiments performed in rodents (Garcia et al., 1999; Herry and Garcia, 2002) and humans (Phelps et al., 2004; Kalisch et al., 2006; Milad et al., 2007) have shown that acquisition of fear conditioning depresses mPFC activity. Together, these findings suggest that IL output may serve as a tonic brake on fear expression that is temporarily released by conditioning via intrinsic cellular mechanisms. What cellular mechanisms underlie the conditioning-induced depression in IL excitability? Previous studies of other cortical areas have reported a reduced sAHP after acquisition of various types of learning, such as water maze (Oh et al., 2003) , trace eye blink conditioning Thompson et al., 1996) , and operant conditioning (Saar et al., 1998) . The sAHP limits repetitive firing of neurons; therefore, reductions in the sAHP would be expected to increase spiking (Faber and Sah, 2003) that could facilitate learning (Stackman et al., 2002; Tzounopoulos and Stackman, 2003) . In contrast, we observed that fear conditioning enhanced the sAHP and depressed IL excitability. The depression of IL intrinsic excitability after fear conditioning would be expected to reduce the feedforward inhibition of amygdala central nucleus output neurons (Royer and Pare, 2002; Quirk et al., 2003; Pare et al., 2004) , thereby increasing the expression of conditioned fear.
We observed that extinction training reversed the conditioning-induced effects on IL intrinsic excitability. Similarly, other studies have shown that extinction reverses conditioning-induced cellular changes (Lin et al., 2003; Kim et al., 2007) . Furthermore, in our experiments, extinction also enhanced bursting, indicating that extinction did not simply reverse the effects of conditioning on intrinsic excitability but also introduced unique cellular changes. There are several possible mechanisms for the extinction-induced increase in bursting. Neuronal excitability can be enhanced by closing large-conductance Ca 2 -activated K potassium channels (Shao et al., 1999; Traub et al., 2003; Brenner et al., 2005) or A-type potassium channels (Perez et al., 2006; Takeda et al., 2006; Wang and Schreurs, 2006) , both of which are expressed in cortical neurons (Jin et al., 2000; Dong and White, 2003) and have been linked to increased bursting (Magee and Carruth, 1999; Jin et al., 2000; Traub et al., 2003; Gu et al., 2007) . Interestingly, a decrease in A-type currents has been correlated with invertebrate learning (Yamoah et al., 2005) and hippocampal long-term potentiation (Frick et al., 2004) . Additional experiments are underway to determine whether A-type or other potassium currents are reduced after extinction training.
We observed that bursting in IL neurons was positively correlated with expression of extinction memory, suggesting that IL bursting is necessary to inhibit fear. IL bursting would be expected to enhance the impact of IL projections onto target neurons (Lisman, 1997) . Therefore, after extinction, bursting would increase the likelihood that IL neurons would activate inhibitory intercalated cells in the amygdala to inhibit fear expression (Quirk et al., 2003; Pare et al., 2004) . We recently observed that IL bursting shortly after extinction in vivo predicts extinction recall the following day and is NMDA receptor dependent (BurgosRobles et al., 2007). In the current study, we observed an increase in intrinsic (synapse-independent) bursting in IL neurons 24 h after extinction training. Because blockade of NMDA receptors (Burgos-Robles et al., 2007) or protein synthesis (Santini et al., 2004; Mueller et al., 2008) in IL prefrontal cortex impairs extinction memory, one possibility is that the NMDA receptormediated increase in bursting immediately after extinction training is maintained until the following day to allow recall of the extinction memory. Consistent with this possibility, NMDA receptor activation in slices enhances intrinsic excitability (Armano et al., 2000; Daoudal and Debanne, 2003; Xu et al., 2005) in a protein synthesis-dependent manner (Xu et al., 2005) . Additional experiments are needed to determine whether NMDA blockers or protein synthesis inhibitors given during extinction training prevent extinction-induced enhancement of intrinsic bursting in IL prefrontal cortex.
Our results support the hypothesis that modulation of prefrontal excitability controls the expression of conditioned fear . Therefore, it is possible that excessive depression of IL excitability underlies posttraumatic stress disorder (PTSD), in which patients exhibit exaggerated fear expression and poor extinction . In line with this possibility, previous work has shown that mPFC is hyporesponsive in normal subjects who fail to recall extinction memory (Milad et al., 2007) and in PTSD patients exposed to traumatic reminders (Bremner et al., 1999; Shin et al., 2004) . Pharmacological enhancers of mPFC neuronal excitability (Wrubel et al., 2007; Zushida et al., 2007) might eventually be used to facilitate exposure-based treatments for PTSD.
